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Analytical model in a weakly coupled sandwich for memory purposes
Zhigang Wanga) and Yoshihisa Nakamura
Research Institute of Electrical Communication, Tohoku University, Sendai 980, Japan
A simple analytical model explains giant magnetoresistive properties in a weakly coupled sandwich
with two magnetic components. The model describes in detail a new storage mechanism in which
the minor loop’s slope depends on its past magnetic histories. A new type of solid-state giant
magnetoresistance memory based upon this mechanism has been realized by experiments.
Furthermore, some important factors included in nondestructive readout capability are also analyzed
by this model. © 1996 American Institute of Physics. @S0021-8979~96!13808-4#I. INTRODUCTION
Results obtained on giant magnetoresistance ~GMR! ma-
terials show increases in magnetoresisce of a factor of 10
over conventional anisotropic magnetoresistance materials.
Many devices based on giant magnetoresistance are under
consideration and development for reproductive heads for
use in magnetic tape and disk devices. In addition, a storage
mechanism in GMR materials itself has been found recently
and the feasibility of a new type of solid-state memory using
weakly coupled GMR effect has been examined by exper-
iments.1
The present study presents a simple analytical model for
the field dependence of the GMR effect in both full-field and
small-field cases. The model permits a determination of the
ferromagnetic coupling energy through conducting spacers.
The model is essentially an extension of Stoner–Wohlfarth
theory with an included small-field hysteresis property for
the hard magnetic component in the form articulated by Ray-
leigh. The model also simply presents a description of the
above-mentioned new storage mechanism. The so-called
‘‘distortion’’ phenomenon, which can be observed in the ex-
perimental transfer curves, can be explained confidently with
the present model.
II. MODEL DESCRIPTION
We established an engineering model to demonstrate the
giant magnetoresistive properties in a weakly coupled sand-
wich. The model is based on the coherent rotation and
uniaxial anisotropy assumptions. Because of the flux closure
configuration of the sandwich, the demagnetizing field per-
pendicular to the length is strongly reduced compared to
those obtained from a single layer structure. As a result, mul-
tiple magnetic domain formation could be reduced and the
sandwich structure will behave more in the manner of a
single domain ferromagnetic layer. Hence the consideration
that the switching characteristics of the films behave like a
single domain is reasonable. We consider two ferromagnetic
components of identical thickness having the uniaxial anisot-
ropy ~Ku1 and Ku2! with easy axes parallel to each other, as
shown in Fig. 1. The angles of the magnetizations with re-
spect to the easy axis are u1 and u2 , and the angle of applied
field is f. In this calculation the applied field was held con-
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cell selection application.1,2 The parameters are taken as ex-
perimentally measured:3 the anisotropic fields of the soft and
the hard magnetic component are assumed as 8 and 28 Oe,
respectively; the exchange coupling between the two compo-
nents is assumed as ferromagnetic ~parallel! coupling and its
value is 2 Oe ~in fact the exchange field is a function of
spacer thickness and the exchange field of 2 Oe corresponds
to the spacer thickness54 nm according to the experiments!.
Please note that the coupling’s value is so weak that it is
even less than the soft component’s coercivity ~theoretical
value is 4 Oe!. For this reason this type of GMR is named as
a weakly coupled one. The angles of the magnetizations in
two layers are chosen such that they minimize the energy
function4 which covers the anisotropy and external field
terms in the two components, respectively, and the ferromag-
netic exchange term between the two components. The total
energy per unit volume may then be expressed as
E5~ 12!~E11E2!1A12 cos~u12u2!, ~1!
where Ei5Kui sin2 u i2MiH cos(f2u i), i51 for the soft
component and i52 for the hard. A12 is the exchange con-
stant and Mi is the saturation magnetization ~M 151000
emu/cm3 and M 25500 emu/cm3!.
The resistance is calculated by
GMR~H !5G* sin2
u1~H !2u2~H !
2 , ~2!
where G is the coefficient of the GMR effect.
We calculated the resistance versus applied field R(H)
transfer curves under excitating field with various strength.
The switching of the double ferromagnetic layers with dif-
ferent coercivities gives rise to the ‘‘double-hump’’ shaped
FIG. 1. The analytical model is based on the coherent rotation and uniaxial
anisotropy assumptions. The angles of the magnetizations with respect to the
easy axis are u1 and u2 , and the angle of applied field is f.66499/3/$10.00 © 1996 American Institute of Physics
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FIG. 2. The calculated resistance vs applied field R(H) transfer curves
under excitating field with various strength. In main loop of ~a!, the applied
field was varied between 615 Oe. In minor loops of ~b! and ~c!, only the
soft component is switched by applying a field between 67.5 Oe. The initial
saturated states in ~b! and ~c! are different as indicated in the figure.6650 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
Downloaded¬03¬Mar¬2010¬to¬130.34.135.21.¬Redistribution¬submain loop depicted in Fig. 2~a!, where the applied field was
varied between 615 Oe. The two switching thresholds at
point A and point B correspond to the magnetization rever-
sals of the soft and the hard component, respectively. The
magnetization in the soft component rotates in weak field
below point A while that of the hard is not saturated up to
point B. The sharp increase of resistance starts when the
magnetization of the soft component begins to rotate ~below
A!. The maximum of resistance is observed at the A where
the direction of the soft component’s magnetization has just
reversed. With further increasing of the field ~exceeding A!,
the direction of the hard component’s magnetization also
turns to the field direction and subsequently the resistance
gradually decreases.
Figures 2~b! and 2~c! illustrate the R(H) response’s mi-
nor loops operating in the mode in which only the soft com-
ponent is switched by applying a field between 67.5 Oe. In
FIG. 3. Experimental results of Co ~5 nm!/NiFe ~0.5 nm!/Cu ~4 nm!/Co ~0.5
nm!/NiFe ~5 nm!. The measurement conditions are indicated in the figure.Z. Wang and Y. Nakamura
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Fig. 2~b! the element is initially saturated to the ‘‘negative’’
direction by a field of 215 Oe while in Fig. 2~c! it is initially
saturated to the ‘‘plus’’ direction by 115 Oe. In these minor
loops of small-field GMR response one can expect a shift
since the initially saturated hard component blocks the spins
of the soft component through the ferromagnetic exchange
interaction. Figures 2~b! and 2~c! also illustrate a possible
storage mechanism. The slope of the small-field response
R(H) ~minor loop! depends on its past magnetization his-
tory. After being magnetically saturated to the negative di-
rection the response’s slope will be positive, whereas after
being saturated to the plus direction the slope will be nega-
tive. Based on this property, data readout will be performed
by monitoring the polarity of the voltage signal against the
unipolar excitation field.
III. DISCUSSIONS
The above calculated R(H) curves gives a good agree-
ment with the experimental results shown in Fig. 3. The
sample is Co ~5 nm!/NiFe ~0.5 nm!/Cu ~4 nm!/Co ~0.5 nm!/
NiFe ~5 nm!, in which the thinner NiFe and Co layers were
formed to enhance interfacial scattering.
The measured R(H) curves shown in Fig. 3 illustrate the
phenomenan known as distortion. It can be explained confi-
dently with the present model. Under small-field excitation,
the soft component is switched but the magnetization in the
hard component should rotate along a loop in the following
form articulated by Rayleigh:5
M 15a1H21b1H1c1 , ~3!
M 25a2H21b2H1c2 , ~4!
where ai , bi , and ci are Rayleigh constants. As shown in
Fig. 4~a!, the distortion happens to the simulated R(H) as
expected. On the other hand, if neglecting the hysteresis,
FIG. 4. Comparison of R(H) curves with and without Rayleigh loop. The
calculation conditions are indicated in the figure.J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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the distortion phenomenon, as shown in Fig. 4~b!. In conclu-
sion, the hard component’s small-field response should be
characterized by Rayleigh law.
The existence of Rayleigh loop in the hard component
will be harmful to our memory design. This memory oper-
ates on the general principle of storing a binary digit in the
hard component and sensing its remanent state by switching
the soft component in such a way that the magnetic state of
the hard component is unaltered. Initially, it was believed
that this design should have a nondestructive readout
~NDRO! characteristic. However, experiments indicated that
NDRO was not always achieved; i.e., NDRO was dependent
on the polarity of the excitation field. Consider the mode of
‘‘0’’ ~corresponding to the 1 remanent state!. Experimental
tests involving 33108 plus excitation pulses indicated that
the readout wave form was still stable. However, stability
against minus disturb pulses could not be achieved. We can
use our model to explain the reason. Because irreversible
magnetization processes ~Rayleigh loop! exist, a disturbed
states ~08 or 18! will possibly be caused, as shown in Fig. 5.
For the mode of ‘‘0,’’ the worst case is being excited by
continuous minus pulses, whereas for ‘‘1’’ the worst case is
being excited by continuous plus pulses. The remanent state
will be degrading gradually along a series of half Rayleigh
loops and finally destroyed after enormous numbers of read-
out switching. We think that two methods will be effective to
eliminate the unstability. One is to select the hard materials
with rectangular hysteresis loop. The other is to regrade the
excitation method, for example, to employ bipolar exciting
pulses with rehabilitation function. As shown in Fig. 5, sta-
bility against bipolar disturb pulses could be achieved be-
cause the hard component should rotate along the whole
Rayleigh loop.
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FIG. 5. The hard component’s hysteresis curve with small-field Rayleigh
loops. The remanent state will be degrading gradually along a series of half
Rayleigh loops, whereas the rehabilitation function will be achieved along
the whole Rayleigh loop.6651Z. Wang and Y. Nakamura
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